environments. As an environmental factor, household air pollution has been associated with an increased risk of premature death. 10 Due to the threat it poses to public health, the World Health Organization (WHO) has established guidelines on indoor air quality exclusively related to household fuel combustion. 11 These recommend that indoor PM 2.5 concentration should not exceed 10 μg/m 3 as an annual average, while the daily CO average should be below the threshold of 7 mg/m 3 , approximately 5.7 parts per million (ppm).
Despite WHO suggestions, healthy indoor air levels may be difficult to achieve in countries where biomass is in high demand for household energy needs, as in present-day Paraguay. In Latin America, Paraguay has one of the highest percentages of population dependent on biomass as the main fuel used for cooking (49%), after Haiti (91%), Guatemala (57%), Nicaragua (54%), and Honduras (51%). 2 In addition, excessive consumption of biomass for energy production has helped sustain progressive deforestation in the country.
1,12
The present study characterizes and models indoor air pollution related to biomass burning and low-emission cookstoves in The measurements and analyses presented in this article provide a foundation for establishing a baseline that could be used in future studies, as well as in potential cookstove intervention projects.
| ME THODS

| Study site
The study was conducted in July 2016 (winter) in two low-income 
| Household selection
In June 2016, survey data about fuels used for cooking, heating, and lighting were collected in 238 rural households at JAS and LIM. The survey was designed and administered by PAHO based on WHO's
Practical Implications
• Household air pollution associated with cooking fuels has been well documented in various developing countries but not in Paraguay.
• The paper reports the first indoor air quality monitoring campaign conducted in the country.
• These data could be used to model indoor air quality in similar settings and to develop national policies aiming to reduce exposure to household air pollution. 
| Indoor air monitoring
Household air pollution was monitored in the cooking area for 24 hours. A sample deployment is shown in Figure 2 . Sampling was performed on weekdays, starting one morning (8-9 AM) and ending the subsequent morning. PM 2.5 and CO monitors were colocated approximately 1.5 m away from the cookstove and at adult breathing height (1.6 m above the floor). Field blank filters were placed in randomly selected households (n = 3). Blanks were not connected to an airflow but were placed in identical cassettes and subjected to the same protocol as the filters used to collect the samples. An average increase in weight of 8.3 μg (SD 8.9) was observed; this value was subtracted from the mass collected on the sampled filters.
CO concentrations were recorded as one-minute averages using an electrochemical sensor (EL-USB-CO, Lascar Electronics, UK). To ensure comparability, these sensors were intercompared by parallel measurements recorded inside a smoke chamber (Energy, Climate and Health Laboratory, UC Berkeley).
Operational variables were kept as close as possible to the expected target values. The mean (±standard deviation) of the total sampling time was 22.9 hours (±0.6), the distance from the monitors to the cookstove was 1.54 m (±0.37), and the mean flowrate at the end of sampling was 1.49 L/min (±0.05).
| Outdoor air monitoring
In order to determine the PM 2.5 concentration outdoors, a central location in each village was selected for installing a fixed monitoring station. The equipment was placed on the roof of households that only used electricity for cooking, approximately 2.5 m above the ground and away from direct emissions of any kind. Timeintegrated (24 hours) PM 2.5 samples were collected on 37-mm PTFE filters using a two-stage impactor (4 L/min) described elsewhere. 13 Sampled filters were subjected to the gravimetric analysis described in Section 2.3 and to X-ray fluorescence (XRF) spectrometry to quantify concentrations of elements ranging in atomic number from F I G U R E 2 Household air pollution monitors colocated in the kitchen area. CO monitor (1), triplex cyclone for PM 2.5 collection (2), and air temperature sensor (3) 11 (Na) to 82 (Pb). The XRF spectrometry was performed with the 
| Predictor variables
During the monitoring campaign, potential predictors of PM 2.5 and CO concentrations were recorded as either categorical or continuous variables. A structured questionnaire was applied at both the beginning and end of the monitoring session to capture several variables at the kitchen level, as shown in Table 1 . Variables included the rural community; main fuel used for cooking; the construction materials of the roof, floor, and walls; kitchen structure; occurrence of sweeping, heating, and smoking; as well as burning of incense, mosquito repellent (indoors), and garbage (outdoors). Communitylevel statistics are presented in Table S1 .
The parameters recorded as continuous variables are shown in Table 2 . Cookstove usage was monitored for 24 hours using a tem-
as a stove use monitor (SUM). 14, 15 These sensors were attached with tape to the base of cooking appliances and recorded temperature every 1 minute (T stove ). Temperature inside the kitchen (T air ) was recorded using a HOBO datalogger (Onset Inc, USA) colocated with the air samplers. The total time of cookstove usage was the sum of minutes in which the T stove was at least 10°C above T air . For measuring the kitchen room volume and distance between the air samplers and the cookstove, a laser length meter was used (GLM 40, Bosch).
| Data analysis
Descriptive statistics are presented as means, standard deviations (SD), and confidence intervals (CI) of the mean. To determine groups that were significantly different from each other, an analysis of variance (ANOVA) followed by Tukey's multiple comparison test was performed (significant at P-value < 0.05).
Predictive models were created from the observed indoor concentrations and potential explanatory variables shown in Tables 1   and 2 . As a preliminary step, the normality of the distribution of Parameters such as adjusted R 2 and root-mean-square error (RMSE)
were considered in the final evaluation. A detailed architecture of the data analysis is provided in Figure 3 .
For statistical computing, the RStudio software (R Foundation for Statistical Computing, Vienna, Austria, R version 3.3.1) was used.
The predicted R 2 in the final model was estimated using the "olsrr"
package. The PCA for outdoor samples was performed with the "factoextra" and "corrplot" packages. 
TA B L E 1 Categorical variables captured by the questionnaire
| RE SULTS
| Cookstoves and kitchen features
The monitored households used one of four cooking methods:
three-stone open fires for burning wood, metal braziers for burning charcoal, regular LPG cookstoves, or electric hot-plate cookers (shown in Figure S1 ). None of the households used more than one type of cooking method during the measurement period.
Households had one of two kitchen configurations: enclosed (a kitchen inside or next to the household with a roof and four walls) and semi-enclosed (a cooking room with a roof and three walls).
Semi-enclosed kitchens were not found in households that cooked using LPG or electricity.
Average (±SD) cookstove usage was higher in wood-burning (Table S2 ).
| Indoor PM 2.5 and CO concentrations
The 24-hour average indoor PM 2.5 and CO concentrations observed in different kitchen and fuel settings are summarized in Table 3 . The highest average (±SD) PM 2.5 concentrations were observed in woodburning kitchens, specifically in the enclosed type (851 ± 656 μg/ m 3 ). Those kitchens using the same fuel but with a semi-enclosed structure had a lower average PM 2.5 concentration (681 ± 95 μg/m 3 ).
CO concentrations were similar between kitchen configurations.
In total, the enclosed and semi-enclosed charcoal-burning kitchens had average PM 2.5 concentrations of 107 ± 69 μg/m 3 and CO concentrations of 7.6 ± 6.5 ppm. Both pollutants were observed at higher concentrations in enclosed structures.
The kitchens using LPG and electricity had the lowest average concentrations of both PM 2.5 and CO. Despite this, the average PM 2.5 concentrations in these kitchens were 52 ± 17 μg/m 3 , higher than the values expected for an emission-free environment.
| Outdoor PM 2.5 and meteorology
The 24-hour average outdoor PM 2.5 concentration was 27.5 μg/ The major element found in the outdoor PM 2.5 was potassium (K), a chemical tracer associated with biomass and agricultural burning. 16 The mass of all the elements reported by the XRF spectrometry (Table S3 ) contributed 11% and 7.6% to the mass of PM 2.5 in JAS and LIM, respectively. Decreasing in order of concentration, other predominant elements were sulfur (S), a tracer of diesel combustion, and elements of soil dust (Mg, Si, Al, Fe, Na).
The PCA result for JAS showed that elements such as S, K, Br (bromine) and Pb (lead) were strongly correlated. This finding suggests that ambient PM 2.5 was mostly contributed by a mixture of
TA B L E 2 Continuous variables assessed
Variable Unit
Cookstove usage Minutes
Sampler-cookstove distance m Kitchen room volume m 3 
Monitoring duration Minutes
F I G U R E 3 Plan of data analysis used to generate the predictive models for indoor PM 2.5 and CO concentrations biomass and fossil fuel combustion, in addition to street dust, due to the presence of Pb ( Figure S3A ). In LIM, elements associated with emissions of biomass and agricultural burning 17 (K, Cl, Br) showed a strong correlation, as well as a considerable contribution to the total mass of PM 2.5 ( Figure S3B ). (Table S4 ).
| Indoor PM 2.5 predictive model
Through the statistical procedure described in Section 2.6, a fivepredictor regression model for estimating the indoor PM 2.5 logconcentration (LnPM 2.5 ) was derived. The model is represented by Equation 1, while its coefficients and goodness of fit are shown in Table 4 and Figure 5 , respectively.
In general, the predictive model for LnPM 2.5 was statistically significant (P-value < 2.2 
| D ISCUSS I ON
To the best of our knowledge, indoor and outdoor air quality data have not been previously reported in the scientific literature for
Paraguay. Based on the results of this study, the 24-hour average PM 2.5 concentrations in both indoor and outdoor environments exceeded the guidelines established by the WHO (35 μg/m 3 , InterimTarget 1). We suggest that outdoor PM 2.5 concentrations in the rural communities could be strongly influenced by biomass burning for cooking and waste burning. Table 6 summarizes the results from other indoor air quality studies performed in similar rural settings. The measurements obtained in this study are comparable to values presented by studies conducted in Latin American countries, such as Guatemala, 18, 19 Nicaragua, 20 Honduras, 21 and Mexico. 22 Studies in Peru have reported wood-burning kitchens with lower PM 2.5 and CO concentrations. [23] [24] [25] Different cooking behaviors could explain this difference, as the wood-burning kitchens in Peru were estimated to be used for cooking for 3.7-3.9 h/d, 25 while the woodburning kitchens in Paraguay were used for cooking for 7 h/d. This difference may also reflect the methodologies used in each study, since the estimated cooking time was based on information recorded by temperature sensors in the present study, but it was based on activity diaries in Peru. The mean cooking duration estimated for wood-burning kitchens in Paraguay is closer to the average values reported in Mexico (6.5 h/d) 26 and Guatemala (6.8 h/d). 27 As shown in Table 6 , a similar magnitude of PM 2.5 and CO concentrations has also been reported in rural households in Nepal, 28, 29 Pakistan, 30 and China. 31 As observed in Paraguay, concentrations of PM 2.5 higher than the values expected were recorded in households The blue line is model fit; the red line is a 1:1 line that used LPG or electricity. In densely populated areas, emissions from households using solid fuels (biomass and coal) have been indicated as the main factor responsible for increasing PM 2.5 inside homes using clean fuels. 32, 33 In our study, the large contribution of K found in ambient PM 2.5 suggests that outdoor air quality was considerably impacted by biomass burning.
From the measurements described in this paper, a baseline for indoor air quality and two predictive models were developed for rural kitchens in Paraguay. Both models had a predictive power of over 80% and may be useful for predicting new observations of PM 2.5 and CO concentrations in kitchens with similar configurations. Regression analysis showed that variables such as the kitchen structure and construction materials were not significant, while other factors, such as the community, cookstove usage, and the type of fuel used for cooking, were strong predictors of the indoor PM 2.5 and CO concentrations. In the literature, analogous associations were observed in regression analysis in indoor studies performed in China 34 and Pakistan. 30 In the first, belonging to a specific rural community was a significant predictor in PM 2.5 levels, while in the second, the duration of biomass burning was shown to have a statistically significant association with the increase in the same pollutant.
The significant association (P-value = 0.03) between LIM/JAS community variable and the household PM 2.5 concentrations can be explained by the different distribution of cooking with biomass among the two communities. In LIM, 61% of the population used biomass for cooking, in contrast to 47% observed in JAS (Table S1) .
A greater proportion of the population using LPG and electricity resulted in a lower average concentration of indoor PM 2.5 at the community level, which was reflected in the model as a significant covariate.
The relevance of using the CO concentration as a proxy for indoor PM 2.5 has been discussed in the literature. Some studies reported a relatively strong correlation (Pearson's r > 0.8) between both pollutants, 35, 36 while others found a weaker correlation, 18, 37 especially at the level of personal exposure. 38 Based on our regression analysis, we can indicate that CO was strongly and significantly associated with the variation in PM 2.5 levels (P-value = 0.006) in the kitchen area. This would support the methodology used in other studies of household air pollution, which have estimated PM 2.5 from measurements made in CO concentrations. 18, 39 Although the performance of the model was robust for both PM 2.5 and CO, limitations such as relatively low sample size can be identified. The representativeness of the model for other populations is also an important limitation, since the community variable was a significant predictor. The models delivered by this study could be refined by incorporating a greater number of observations.
| CON CLUS ION
For the first time in Paraguay, indoor air quality has been evaluated for households that use different cooking fuels. The study observed that kitchens burning wood and charcoal resulted in the highest av- Residual error (ε) = 0.797.
F I G U R E 6
Goodness of fit of the predictive model for LnCO.
The blue line is model fit; the red line is a 1:1 line concentrations of both pollutants were observed in kitchens that used LPG or electricity; however, these kitchens had higher-thanexpected PM 2.5 concentrations; this could be associated with external sources, such as burning of biomass and garbage in community spaces. Two regression models were developed to estimate indoor PM 2.5 and CO concentrations, which have a predictive power of over 85%. Both models can be considered when designing national cookstove intervention projects, as well as in cost-benefit analysis.
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